A spectroscopic method, which enables characterization of a single isolated quantum dot and a quantum wave function interferometry, is applied to an exciton discrete excited state in an InGaAs quantum dot. Long coherence of zero-dimensional excitonic states made possible the observation of coherent population flopping in a 0D excitonic two-level system in a time-domain interferometric measurement. Corresponding energy splitting is also manifested in an energy-domain measurement. DOI: 10.1103/PhysRevLett.87.246401 PACS numbers: 71.35.Cc, 73.21.La, 78.55.Cr Optical Rabi oscillations are fundamental examples of coherent nonlinear light-matter interactions. It is accepted that the physical properties of atoms can be modified by interaction with strong electromagnetic radiation. When an atomic two-level system is exposed to a strong light field the electron population oscillates between the lower and upper states at the Rabi frequency, which is proportional to the dipole moment, and the light field. In principle, a similar situation should be seen in solids for intrinsic transitions like excitons in semiconductors. Optical Rabi oscillation in solid may serve as coherent control [4, 5] in solid states. Attempts to establish excitonic Rabi oscillations have indicated their existence [1] [2] [3] . In semiconductor structures with band states, however, fast dephasing makes it difficult to implement coherent control of excitons [6] .
Optical Rabi oscillations are fundamental examples of coherent nonlinear light-matter interactions. It is accepted that the physical properties of atoms can be modified by interaction with strong electromagnetic radiation. When an atomic two-level system is exposed to a strong light field the electron population oscillates between the lower and upper states at the Rabi frequency, which is proportional to the dipole moment, and the light field. In principle, a similar situation should be seen in solids for intrinsic transitions like excitons in semiconductors. Optical Rabi oscillation in solid may serve as coherent control [4, 5] in solid states. Attempts to establish excitonic Rabi oscillations have indicated their existence [1] [2] [3] . In semiconductor structures with band states, however, fast dephasing makes it difficult to implement coherent control of excitons [6] .
In this view, semiconductor quantum dots (QD's) are very promising. Since the spatial confinement of excitons along all three directions leads to a series of discrete energy levels, scattering events, which are the primary causes of phase decoherence, are highly suppressed [7, 8] , leading to a long coherence time [9 -11] . Discrete density of states together with Pauli blocking may also prevent many-body excitation [12] , which results in energy renormalization [13] . Therefore, QD's make possible more than 50 coherent manipulations with picosecond optical pulses within the dephasing time. Such coherent manipulations [14 -16] are essential functions for quantum computation and coherent information processing [4, 5] . Observation of the population flopping between a pair of excitonic states would be a first step toward the coherent control of the quantum states in solids.
This Letter reports the observation of the coherent population flopping in a zero-dimensional (0D) excitonic twolevel system. A long-lived coherence of the excitonic states in QD's as long as 40 ps enabled observation of Rabioscillation-induced phenomenon in the time domain, and corresponding energy splitting is also manifested in an energy-domain measurement. We applied a spectroscopic method, which enables characterization of a single isolated quantum dot and utilized quantum wave function interferometry [15, 16] on the discrete exciton excited state to observe the excitonic population oscillation.
QD's used in this study were disk-shaped InGaAs QD's formed via unique strain-driven spontaneous reorganization of the 3.5-nm-thick In 0.4 Ga 0.6 As͞Al 0.5 Ga 0.5 As heterostructure on (311)B face. Details of the growth and the sample preparation were already described [11, 17] . The array of QD's on top was then subjected to the microphotoluminescence spectroscopy through the 0.2 0.5 mm 2 apertures with a continuous-wave Ti:sapphire laser as the excitation source. Polarization of the laser was set parallel to a (110) facet of the sample. Interferometry of the exciton wave functions was done using an experimental setup similar to those in earlier works [15, 16] . A sequence of a pair of phase-locked optical pulses produced by a laser beam from a mode-locked Ti:sapphire laser passing through a stabilized Mach-Zehnder interferometer resonantly excited the excitonic excited state of a single isolated QD. Single-dot photoluminescence (PL) reflecting the population of the excited state manipulated by the optical pulse pair was recorded as a function of temporal pulse delay between two pulses. The relative phase of the pulse pair was stabilized to about l͞130 ͑l 633 nm͒. The temporal pulse correlation width was controlled to about 5 ps to ensure a temporal overlap of the pulse pair.
The QD studied in this work exhibited a distinct spectral feature of 0D exciton. Figure 1 shows the ground state exciton (E 0 1.672 43 eV) PL spectrum (70 meV resolution) and PL excitation spectrum [inset (a)] near an excited state resonance. The excited state resonance located 20.2 meV above the exciton ground state (E ‫ء‬ 1.6926 eV) was found to be distinct. Polarization dependent energy level splitting such as reported by Gammon et al. [10] was not found in either the ground state or the excited state, probably due to the axial symmetry of the dot. As the excitation light is nearly resonant to this discrete exciton excited state, the 0D exciton ground state emission, which showed a single sharp peak at low excitation, was found to split into a clear doublet for high excitation exceeding 20 kW͞cm clearly, the PL spectrum was recorded for a variety of excitation densities while the laser was set exact resonance. The result is summarized in Fig. 1 as a variation of the exciton PL spectra for the excitation densities, 1, 4, 5, 6, 8, and 10P 0 ͑P 0 6.6 kW͞cm 2 ͒. The splitting was found to increase being proportional to the square root of the excitation density as shown in the inset. Namely, the splitting was 94 meV at 18 kW͞cm 2 and it was 150 meV at 50 kW͞cm 2 . We attribute this to the Rabi population flopping between the ground state and the excited state of the exciton due to the strong coupling of the 0D excitonic states to the optical field. In general, when a strong optical field is applied to a pair of states, and when its energy is near resonance to the relevant transition, the states are coupled by the photon field resulting in a pair of doublets [18] . Let us now consider the case where the ground state jg͘ and an excited excitonic state jX ‫ء‬ ͘ correspond to a pair of states driven by the optical field. Schematic representation of the exciton two-level system under strong optical field is displayed in Fig. 2(a) in a framework of a dressed "atom." Consider a pair of states jg͘ 1 nhv and jX ‫ء‬ ͘ 1 ͑n 2 1͒hv; their energies are nearly identical when near resonance. Under a strong field, they couple to form a new set of states ja n ͘ and jb n ͘. The energy difference between them corresponds to the frequency of the population flopping and is equal to D ͓͑v 2 v 12 ͒ 2 1 V 2 ͔ 1͞2 , where v is the driving frequency, v 12 is the transition energy, and V mE͞h. Now consider the scheme represented by the diagram (right) in Fig. 2(a) , where there exists a third level whose population is fed by the population decay of the upper level and decays back to the lower level by spontaneous emission. Assume that the population decay from the upper level and the spontaneous emission rates are slow enough as compared to the light-induced upper level population change rate. Since the ground state of the system is driven by a strong field, the spontaneous emission from the exciton radiative state (third level) is a doublet at energies that differ from the resonance by 6hD. The power spectrum of the spontaneous emission in such a case has been considered by Mollow [19] . It is given as the Fourier-Laplace transformation of a two-time correlation function. Typical spontaneous emission spectra for the detuning increasing across zero are shown in Fig. 2(b) . As pump energy increases and approaches the resonance, a weak lower energy side emission emerges and approaches the central emission peak, growing in amplitude. Upon resonant excitation, the spectrum is a symmetrical doublet with an energy separation corresponding to the Rabi frequency. As pump energy continues to increase, the higher energy peak in the doublet moves to higher energy, decreasing in intensity. A similar behavior was experimentally observed when a high power excitation changed its energy across the excited state resonance: As shown in Fig. 3 , the 0D exciton ground state emission showed a central feature accompanied by a very weak side emission whose energy varies with excitation energy and fades out quickly as it moves away from the resonance. This weak feature does not merge into the central feature at resonance. Instead it becomes one peak of the doublet. This anticrossing behavior is clearly seen in the inset in Fig. 3 , where related peak energies are plotted as functions of excitation energy. A linearly shifting satellite is observed. The model in which an excited level pumped by strong field feeds a third-level spontaneous emission well describes the overall behavior of the exciton luminescence against detuning.
In order to further confirm the Rabi population oscillation in the time domain, the exciton interferometry was carried out. In this experiment, the first pulse creates an exciton polarization (coherence) oscillating at the frequency of the pulse. While phase coherence persists, another optical pulse either enhances (two pulses in phase) or weakens (out of phase) the exciton population depending on the relative phase of the two pulses. Such quantum mechanical interference gives a fast oscillating fringe in a period of the driving frequency and its amplitude may decay due to decoherence [15, 16] . As the pulses are intense enough and the cyclic population change caused by each of two pulses exceeds p the mixing of the Rabi oscillation induced optical frequencies [arrows in Fig. 2(a) ] cause a beating and one may observe complex oscillatory fringe amplitude modulation. This situation is compared with the case when a laser simultaneously drives two closely separated levels, where one observes a beating in a frequency difference of the two transitions [16] .
The luminescence intensity of the exciton excited by a weak phase-locked pulse pair of equal intensities with a 82-MHz repetition is shown in Figs. 4(a) (P 1 0.067 mJ cm 22 ͞pulse) and 4(b) ͑2P 1 ͒ as a function of relative time delay. The same excited state resonance was again excited. A fast oscillation in the period of the excitation frequency was observed as shown in Fig. 4(e) , which samples the fringe near 30 ps of Fig. 4(b) . This oscillation, corresponding to the exciton dipole interference, persists even after the temporal overlap of the pulse pair with decreasing of the amplitude in an exponential manner. As the excitation density is small, the exponential decay with lifetime 35 6 10 ps dominates the fringe time evolution. This demonstrates a long dephasing time T 2 of the 0D exciton. The dephasing is most probably due to the population decay induced by acoustic phonon scattering [7, 8] , although the increase of the excitation density to 2P 1 seemed to shorten the decay time [ Fig. 4(b) ], suggesting the two-photon absorption into biexciton as another dephasing mechanism [12] . As the excitation increases to nearly 1 order of magnitude or more (12P 1 and 24P 1 ), however, simple damping of the fringe no longer persists; another slowly varying oscillatory behavior in a period less than 15-20 ps appears in the envelope of the fast oscillating fringe in a region where two pulses overlap [Figs. 4(c) and 4(d)]. Careful examination with increasing pulse intensities revealed that the period of this additional oscillation decreases with increasing laser intensity, being nearly inversely proportional to the square root of the power density. This is consistent with these slow oscillatory behaviors being caused by the population flopping induced by the pump pulses. Interestingly, this oscillation was much Fig. 4(e) , the fringe oscillation near 0 ps is far more complex for the high excitation densities, e.g., at 12P 1 , although a periodicity seems to be maintained. An appreciable distortion is visible, which is caused by a mixing of frequencies other than that of the pump pulse.
The source of this long-period oscillation was further analyzed theoretically. Since the pulse induced population change is much faster than the energy relaxation, we may consider only a pair of states, jg͘ and jX ‫ء‬ ͘. Twolevel density matrix equations with two optical pulses may therefore simulate the experiment in Fig. 4 . Numerical solutions are shown in Fig. 5 . A dephasing time T 2 30 ps and a pulse form sech͓t͞t p ͔ with t p 3 ps were assumed. For a small field corresponding to a pulse area of 0.24p [ Fig. 5(a) ], one observes a simple exponential fringe decay due to the dephasing. In contrast, as the cyclic population change for each pulse reaches to about 1.5 ϳ 1.8p, complex oscillatory behaviors are clearly observed within a region where two pulses overlap [Figs. 5(b) and 5(c)]: The population change by each pulse in Figs. 5(b) and 5(c), respectively, correspond to the pulse areas, mE 0 R t 2`d t sech͓t͞t p ͔͞h pmE 0 t p ͞h by definition, of 1.5p and 1.8p. Here m is the exciton dipole moment and E 0 is the electric field of the radiation. The slowly varying oscillation is clearer in the fringe minima as experimentally observed. Note that although this slow oscillation slows down as relative pulse delay increases because of the reducing pulse overlap and the period does not equal the 1͞Rabi frequency, the inverse of the period increases nearly linearly with increasing pulse area as expected. This linear proportionality is displayed in the inset. The population oscillation of the exciton two-level system under pulse pair excitation well explains the complex beating of two-pulse interferometry. Now we estimate the dipole moment of 0D exciton. A cw-field at 25 kW͞cm 2 gave the energy splitting DE of 100 meV; we obtain a dipole moment m DE͞E 0 30 debye. We also obtain a pulse area of 1.5p when the excitation was 12P 1 (0.8 mJ͞cm 2 ͞pulse) by comparing this to the calculation. By equating mE 0 pt p ͞h to 1.5p and using the pulse electric field obatained from 12P 1 cne 0 2t p E 2 0 (n 3.6 for GaAs), a dipole moment of m 43 debye was estimated. Taking account of additional diffraction loss at the pinhole, we obtain m of more than 60 debye. The theoretical estimate of the dipole moment of the exciton in 40-nm QD's was reported to be 80 to 90 debye [20, 21] . Therefore, the present results seem to reasonably agree with the prediction.
In conclusion, we have observed Rabi oscillation and corresponding energy level splitting in quantum dot exciton states. Strong coupling between quantum states and dynamic electric field manifests an important role of coherent processes in QD's: Generating a wave function of exciton by producing the superposition of states with control of phase is now feasible. It promises further an implementation of coherent control of quantum states in solids in more sophisticated ways and may also pave the way for generating entangled states.
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